The health impact of environmental pollution resulting from the industrial use of asbestos can be assessed in three ways. First, there are the direct epidemiological surveys. These indicate that domestic exposure has been responsible for cases of mesothelioma and possibly lung cancer and radiological changes in family contacts of asbestos workers. Exposure in the neighborhood of crocidolite mines and factories has also resulted in cases of mesothelioma but no similar evidence exists for chrysotile or amosite. Neither air nor water pollution has been directly incriminated as a cause of either respiratory or digestive malignancies.
Introduction
Fibrous mineral silicates are a common constituent of the earth's surface. Fibers of natural origin are present to a greater or lesser extent in air and water almost everywhere and probably always have been. The industrial value of certain of these minerals, collectively known as asbestos, was recognized at the end of the last century. Production and use increased enormously, with periods of acceleration related to both world wars (Fig. 1) . Occupational exposure in asbestos production, manufacturing and user industries has reflected the conflicting trends of use and control. Since 1950, the number ofworkers exposed has greatly increased while their intensity of exposure has steadily decreased. Assuming a latent period of 30 to 40 years for malignant diseases to manifest themselves, we would expect to see the first effects, at least occupationally, in the 1950s, which is what actually happened. Industrial exploitation has lead to contamination of the general environment, the nature and extent of which is more difficult to document. Gross pollution in the immediate neighborhood of mines, factories and shipyards was commonplace 30 to 50 years ago but far less today. On the other hand, the general level of asbestos fibers in air, water, and food is probably higher than it was and may still be rising. Building construction and demolition have been responsible for much of this; for example, see Woitowitz and Rodels- berger (1) . The control of occupational exposure in these industries has been slow and relatively ineffective with correspondingly great and continuing impact on the general environment, especially in cities. In addition, there is the widespread distribution and accumulation of a variety of asbestos-containing materials and products which gradually wear and deteriorate. The health implications of this general picture are complicated by three additional factors. First, asbestos is not one but several materials, each of distinct chemical, physical, and biological qualities. In particular the amphiboles-crocidolite, amosite, anthophyllite, and tremolite-almost certainly differ from the serpentine mineral, chrysotile, in their health effects. Second, dimensions, durability, respirability, retention, and surface reactivity have considerable biological relevance, and, in different circumstances, the same mineral may vary enormously. Third, interaction between asbestos exposure and cigarette smoking is important in determining the risk of respiratory tract cancer, and unidentified factors may well play a role in the gastrointestinal tract. This paper will attempt to assess the health impact of environmental pollution resulting from the industrial use of asbestos. Occupational exposure will be considered only to the extent that it can help to quantify the risk. So far as possible, the contribution of "natural" nonindustrial pollution will be excluded from the total.
Although no precise geographical or temporal definitions are possible, the focus will be on North America (USA and Canada) in the 1980s. Nonoccupational exposures may be either respiratory or by ingestion and vary considerably both in duration and intensity. Air pollution has thus to be separated from contamination of water supplies; it can be further subdivided into three or four different grades. Domestic, indirect occupational, and bystander exposures have often been very high; neighborhood exposures in the vicinity of asbestos mines, plants, shipyards, etc., were also considerable. General urban pollution is much lower than any of these but a far larger proportion of the population is at risk.
The order of magnitude of these exposures is shown in Table 1 .
Three main methodologies will be considered and the results compared. First, there is the possibility of direct epidemiological investigation, by means of populationbased studies-cohort or case-referent in type. The problem with the former is that adequate sensitivity for detection of low level risks is almost impossible to (5, 6) . Also negative was an analysis of mortality in persons residing within half a mile of an amosite asbestos factory in Patterson, NJ (7) . The employees of this plant had experienced high rates of both mesothelioma and lung cancer (8) and appreciable numbers of amosite fibers were still present in dust collected in the attics of neighboring houses. One doubtful case only was reported in the vicinity of the Balangero chrysotile mine in Italy (9) and no case has ever been reported from the Russian chrysotile mining area of Sverdlovsk (10) .
In an early uncontrolled study of 42 cases in Pennsylvania (11) , two lived close to asbestos plants and six others had worked next to an asbestos plant. A systematic investigation of all 201 cases of mesothelioma and 19 other pleural tumors reported to the Connecticut Tumor Registry, and 604 randomly selected decedent controls found no evidence of risk from neighborhood exposure (12) . In Northwest England, Whitwell et al. (13) examined lung tissue by phase-contrast optical microscopy from 100 cases of pleural mesothelioma, 100 cases of lung cancer and 100 controls who had died from conditions other than industrial lung disease or lung cancer. They found that the number of asbestos fibers was related to the occupational and not to the home environment. Subjects who had lived near probable sources of atmospheric asbestos pollution had no higher counts than those from further away. In this review of data on pleural mesothelioma in England and Wales, Gardner (14) commented on the highly localized geographical distribution "in which occupational and occupationally related exposure has been critical. " Several investigations have been made into the possible effects of environmental pollution on the resident populations of Thetford Mines and Asbestos, Quebec, the two main centers of chrysotile production in the Western world. Geographical analyses by Graham et al. (15) of cancers reported to the Quebec tumor registry showed higher incidence rates for tumors of the pleura, lip, salivary gland, and small intestine in males and, additionally, of kidney and skin (melanoma) in females. However, no account was taken of occupational or domestic exposure. Pampalon et al. (16) did much the same thing using mortality statistics. Among women, there was no excess mortality; in men, mortality from respiratory cancer was raised in Thetford Mines (SMR 1.62) and from nonmalignant respiratory diseases in the town of Asbestos (SMR 1.53). In a later report (17) , Siemiatycki showed that, as about 75% of the older male population of these towns had been employed in the mining industry (over 50% for 30 years or more) the raised SMRs could well be explained by occupational exposure-a possibility subsequently confirmed by Liddell (18 [1973] [1974] [1975] [1976] [1977] [1978] . From over 2300 still living, 679 subjects who themselves had never been exposed to asbestos occupationally and 325 controls of similar age distribution were selected for radiographic and other tests. Small opacities and/or pleural abnormalities were observed in 35% of the household contacts and 5% of the controls. Pleural changes were rather more frequent than parenchymal. The readings were made by five experienced readers and although the interpretation was by consensus, it was made without knowledge of exposure category. The mortality experience of this population of household contacts is also under study; the methodology has not yet been adequately described but at least three cases of mesothelioma and excess mortality from lung cancer have been reported (22) .
General Environmental Exposure. There is very little direct epidemiological evidence on the effects of urban asbestos air pollution. The question was addressed to some extent in analyses of the extensive surveys of malignant mesothelial tumors undertaken by our group (5) in Canada, 1960 Canada, -1975 , and in the U.S., 1972. Systematic ascertainment through 7400 pathologists yielded 668 cases which, with controls, were investigated primarily for occupational factors. After exclusion of those with occupational, domestic or mining neighborhood exposure, the places of residence of women were examined for the period 20 Exposure by Ingestion. It has been postulated that asbestos fibers in drinking water, and perhaps also in food, could conceivably increase the incidence of alimentary cancers in populations exposed over many years. For several reasons, this question will be only discussed briefly in this paper. In the first place, excepting mining areas, the occurrence of fibers in drinking water is usually the result of contamination from natural sources rather than from industrial processes and products. Second, even in industrial cohorts, the association of asbestos exposure with alimentary cancer is irregular (23) and not wholly convincing (24); also, the risks are small compared to lung cancer and largely confined to the most heavily exposed workers. Even so, water supplies are often carried in asbestos-cement pipes, mining and quarrying activities have led to heavy water pollution, and urban air pollution from asbestos plants and construction may well contaminate water and food.
There have been 13 analyses of cancer incidence and/ or mortality by site in relation to estimated concentrations of asbestos fibers in drinking water in six areas of North America. In five of these-Connecticut, Quebec, San Francisco Bay area, Utah and Puget Sound areathe contaminating fibers were chrysotile in concentrations ranging from below detection to 106 fibers per liter. In the sixth population-Duluth-exposure was to an amphibole mineral in a similar range of concentrations, although to what extent the particles were truly fibrous is unclear. In all such studies, the main difficulty is to allow correctly for socioeconomic, occupational, nutritional, and other confounding variables. The results of all 13 studies were reviewed by Marsh (25) at a recent Summary Workshop sponsored by the U.S. Environmental Protection Agency (26) . After exclusion of one study which did not give results by cancer site, eight providing independent data were included in a binomial probability analysis designed to test the degree of agreement between them. Despite the low level of agreement between male and female results, positive finds for esophagus, stomach, pancreas, and prostate (Table 2) were unlikely to be due to chance alone, although not necessarily to water supplies. As the first two of these sites are those for which there is also the strongest evidence of an association with asbestos in occupational cohorts, Marsh recommended that these specific etiologic hypotheses should be tested by casecontrol studies. He pointed out, however, that the detection of low level risks would require very large samples.
Extrapolation
The several inconclusive attempts to identify and interpret small differences in disease incidence in relation to fiber content of water supplies illustrates the virtual impossibility of direct epidemiological assessment of low environmental risks related to the more complicated constituents of urban air pollution. A common alternative approach is therefore to take the exposure-response relationships observed in occupational environments and extrapolate back to the much lower exposure levels recorded in the general environment. This procedure is fraught with difficulties, however, some of which are discussed below.
The Assumptions. Extrapolation is valid only to the extent that (a) some reasonable mathematical formula for the relationship exists; (b) the point of intercept on the exposure axis is known; (c) important interactions with other etiologic factors are multiplicative or additive. For lung cancer, the scanty data available are compatible with a nonthreshold linear relationship to accumulated exposure but do not exclude other models. The even more scanty data on the combined effects of cigarette smoking and asbestos exposure suggest that the interaction is more than additive but not necessarily multiplicative in all circumstances. No comparable evi- 7, where the analysis was case-referent in type, the other studies used man-years methods primarily, with results presented as SMRs. Since, for various reasons, not all lines passed through the origin, the gradients in Table 2 are expressed in terms of relative slope, as calculated by Liddell and Hanley (36) . The two textile plants (studies [4] [5] [6] have gradients manyfold more steep than the rest, the sharpest contrast being between the chrysotile-only textile workers and chrysotile miners and millers. Even less risk than in chrysotile production is seen in the two friction products plants, where it is quite doubtful whether there was any significant lung cancer excess. Although far below textiles, the two factories engaged mainly in the manufacture of cement and building products were severalfold above chrysotile production. The experience of American insulation workers (37) and of men engaged in the manufacture of amosite insulation products (8) are not shown in Table 2 because exposure was not assessed individually. However, with certain assumptions, especially as to linearity, it seems likely that the gradients for these two populations lay somewhere between the cement workers and the textile workers. Study 9, of asbestos cement workers in Ontario (35) (24, 38) . Although not conclusive, the data are sufficiently persuasive for most countries-U.S. excepted-to have made a basic distinction as to fiber type in their control policies and legislation (39) . In the present context, this major Table 3 , with individual measurements of exposure in terms of both intensity and duration, was the relationship of mesothelioma to "dose" examined. The relatively small number of cases and the confounding effects of fiber type discouraged such analyses. Despite this, some recent reports (40, 41) suggest that an indication of risk can be obtained from a small number of other cohort studies, in which only average group exposure had been roughly estimated. All the cohorts used for these reports were exposed to pure amphibole or to amphibolechrysotile mixtures and generally excluded from consideration were those in which the mesothelioma risk was low. Indeed, if the 18 cohorts so far reported with 200 or more deaths are listed in order of proportional mortality from this cause, those selected for these studies ranked as numbers 1,2,3,5, and 7.
Conversion. All the available exposure-response data from occupational cohorts are based on total respirable dust measurements made by impinger methods and expressed in millions of particles per cubic foot (mpcf). Determination of the equivalence of these measurements in terms of fibers (> 5 pum long) per milliliter (fImL) is a difficult and dubious operation. Even in chrysotile mining and milling, the range of conversion ratios is at least 40-fold (42, 43) . A problem of similar magnitude concerns the equivalence in fiber terms of measurements made in the general environment, nearly all of which are gravimetric and usually expressed in nanograms per cubic meter (ng/m3). These questions have been discussed by several authors with various conclusions; Nicholson (40) considered that the conversion factor relating mass to optical fiber concentration had a range of 5 to 150 and probably varied with fiber type.
On taking these many uncertainties into account, the range of possible error in any estimates made by extrapolation must be very wide indeed. Taken together, variations in exposure-response gradient and conversion factors for ng/m3, mpcf, and f/mL could conceivably lead to estimates with a range of five orders of magnitude. Even this would not take account of such questions as sampling error in environmental measurement, fiber type, or fiber size distributions. Nevertheless, a few courageous estimates of environmental impact by extrapolation have been made. The results are not so widely disparate, at least for lung cancer, mainly because similar approaches on averaging have been used.
In a paper by Enterline in 1981 (44), estimates of lung cancer deaths, based on extrapolation from linear and curvilinear exposure-response models, were made. Using conversion factors of 3 for f/mL per mpcf and 40 x 103 for f/mL per ng/m3 and linear extrapolation from his own exposure-response data (SMR = 100 + 0.658 mpefyr), he estimated that continuous lifetime exposure at 5 ng/m3 (approximately the average outdoor level in urban areas of the U.S.) would result in 4.6 lung cancer deaths per million population. On the other hand, a curvilinear model, for which there is experimental but not epidemiological support, would result essentially in zero deaths. In a later paper (45), Enterline speculated on the apparent discrepancy between occupational exposures where excess lung cancer mortality generally exceeds that due to mesothelioma (46) and the nonoccupational situation. In the general population of the U.S., with average outdoor exposure at about 1.5 ng/m3, the lifetime lung cancer risk was estimated by Enterline to be about 2 per million. Using data on mesothelioma incidence, however, he concluded that the lifetime risk of this disease was at least 100 per million. However, as discussed at the end of this paper, this latter estimate is probably not correct. Several other estimates of current and lifetime risk of lung cancer and mesothelioma for the U. S. population have been made purely by extrapolation. A simplified comparison of these estimates is set out in Table 4 . To achieve a measure of comparability, some liberties were taken with the published data, and the figures shown are therefore approximate. Having regard for the enormous range of uncertainty, it is remarkable that the four estimates are as close as they are. The differences between the lung cancer estimates are mainly due to the idiosyncratic selection of exposure-response data from industrial cohorts. The NRC committee (41) used three of the nine cohorts included in Table 3 and added six others, in all of which only group estimates of exposure had been made. Schneiderman (47) used only two of the nine and included three of the six added by the NRC committee. Nicholson (40) used four of the nine cohorts and not the other five. The greater similarity of the mesothelioma figures is due to the fact that, apart from Enterline, whose figure was not obtained by extrapolation, the others used the same information (or lack of it) on exposure-response-all, however, from the cohorts at highest risk.
In the light of these critical comments, it is fair to ask whether anything better can be done. Until the explanation of the 100-fold difference in gradient of slopes for the eight or nine satisfactory sets of exposure-response data is explained, and better evidence on the equivalence and mass and fiber concentration measurements is obtained, any extrapolation is, in my view, pure guesswork. However, the possibility that mesoth-elioma may be a more serious potential hazard than lung cancer, especially for nonsmokers is real. The theoretical basis for this view has been presented by Peto (48, 49) . His mathematical models are compatible with the evidence available, but his equations for lung cancer and mesothelioma both include constants which depend on fiber dimension and type and which may differ between the two diseases and in different circumstances.
Sex Differences in Mesothelioma Mortality
If the total number of deaths attributable to asbestos exposure were known or could be calculated, it might then be possible to partition them by causal type of exposure. We took this approach at the Banbury Conference in 1980 in trying to discover what proportion of cancer was attributable to occupational asbestos exposure (46) . Three types of information were used: first the estimated incidence of fatal cases of mesothelioma; second, the ratio of mesothelioma to other types of cancer from all available cohorts (then numbering 24); and third, the proportion of mesothelioma related to occupation from case-referent surveys in Canada, [1960] [1961] [1962] [1963] [1964] [1965] [1966] [1967] [1968] [1969] [1970] [1971] [1972] Returning to the problem in hand, if a similar approach were adopted, we might have estimated that, in 1975, nonoccupational causes were responsible in males for about 2.0 per million cases of mesothelioma and 5.0 per million excess lung cancers. In females, the mesothelioma figure would be fairly similar and the lung cancer excess about 2.5 per million. These nonoccupational rates would then have to be apportioned between domestic, neighborhood and general environmental exposures on the one hand and background causes on the other. For mesothelioma, this approach seems reasonable, though difficult, but the extrapolation to lung cancer, empirically acceptable for the occupational estimate, is considerably more dubious for the nonoccupational component. However, the first task is to consider mesothelioma and, for this purpose, it may be useful to examine the theoretical model illustrated in Figure 2 .
If there is a background incidence of mesothelioma, unrelated to the industrial exploitation of asbestos (although quite conceivably to mineral fibers), there is no reason to believe that the levels would be different in males and females. Consideration of Figure 1 and the usual latency for mesothelioma (30-40 years) suggests that, as stated earlier, we might begin to see the effects of asbestos in the 1950s, especially in men. The trend in male incidence might then parallel the increased industrial use of asbestos, reaching a peak in about year 2000 and, hopefully, falling some 40 years after that. In females, on the other hand, a much smaller effect would be expected from occupational exposure and any increased incidence would reflect more specifically the impact of domestic and environmental exposure.
There are several sets of data which suggest that this general pattern is being followed. In Canada, ascertainment through pathologists has shown a steady in- (Table 4) . The explanation is, first that he made no allowance for the "background" incidence and, second, that he took our estimate that 47% of male mesotheliomas in 1972 resulted from nonoccupational exposure (44) and applied this proportion to the much larger total number of cases in 1981. In 1970, the annual rate per million for males was 5.1 (TNCS), 47% of which is 2.4-a level similar to that shown for females in Figure 3 . In 1980, we can see that nonoccupational exposure accounted for less than 20% of male cases; by the end of the century the proportion may fall to less than 10%.
Conclusion
This review does little to strengthen belief in the validity of extrapolation as a means of estimating the impact on health ofurban levels of asbestos air pollution. However, the potential importance of the question and the need for prudence in matters of public health warrant the use of every available method, even this one. Linear extrapolation to very low fiber concentrations almost certainly overstates the true risk. The error may be compounded by use of inappropriate or unrepresentative exposure-response data; for example, the selection of occupational cohorts heavily exposed to 
